6. M. Goldman, P. Druet, E. Gleichmann, Immunol. Today 12, 223 (1991) 1 African American) were retrospectively identified according to established criteria (see below) including (i) a history of exposure; (ii) compatible chest x-ray abnormalities; (iii) abnormal lung function tests [vital capacity (VC) 79 ± 18% of predicted and diffusing capacity (DLCO) 62 ± 21% of predicted]; (iv) a pulmonary biopsy showing noncaseating granulomas; and (v) a positive Be-stimulated lymphocyte proliferation test (LTT) in the blood or bronchoalveolar lavage (the test was performed according to published protocols in each of the contributing institutions) (2, 3) . A group of 44 Be-exposed unaffected cases [40 ± 9 years of age; 25 males and 19 females; 31 Caucasians, 11 Hispanics, and 2 9. The typing of HLA-DPB1 was carried out by gel electrophoresis heteroduplex analysis (24) . A 311-bp fragment spanning the entire DPB1 exon 2 was generated by PCR with the primers UG19 (GCTG-CAGGAGAGTGGCGCCTCCGCTCAT) and UG21 (CGGATGCCGGCCCAAAGCCCTCACTC) using phenol/chloroform-extracted DNA from snap frozen
Ficoll-Hypaque-purified peripheral blood mononuclear cells (3) . The PCR product was further used as a template to obtain DNA from alleles DPB1*0201, (16) (17) (18) . Although a few TBP mutations that differentially affect transcription in vitro by the RNA polymerases have been described (3), the regions of TBP required for assembly into these polymerase-specific complexes are not known.
To identify surfaces of TBP required for polymerase-specific transcription in vivo, we wished to generate a highly representative library of TBP mutants. In standard oligonucleotide-directed mutagenesis schemes, defined amounts of the three non-wild-type nucleotide precursors are included at each step of oligonucleotide synthesis. This approach avoids bias in nucleotide substitutions at each mutated position, but it strongly favors amino acid changes that correspond to codons with one nucleotide difference from the wild-type codon.
To overcome this problem, we developed a codon-based mutagenesis approach, regional codon randomization (Fig. 1) . At the relevant step of oligonucleotide synthesis, the column is dismantled and the silica matrix is split into two portions that are repacked into mutant and wild-type columns. The mutant column is subjected to three rounds of synthesis with an equimolar mixture of the four nucleotide precursors, whereas the wild-type column is subjected to three synthetic cycles with wild-type nucleotides. The two columns are then combined, and the process is repeated for each codon being mutated. The resultant oligonucleotide has a defined mutation frequency, which depends on the ratio of silica beads in the mutant versus that in the wild-type column. Moreover, because all 63 mutant codons are equally probable at each position, the oligonucleotide yields a representative, yet highly compact, library of mutant proteins. For a 20-amino acid region averaging one mutated codon per oligonucleotide, only 3000 clones are necessary to contain all possible single amino acid substitutions; with the use of nucleotide-based mutagenesis, 107 clones would be required (19) . Thus, for a region of this size, all possible amino acid changes are easily sampled by conventional genetic screening. With this approach, we generated six dues 117 to 168, which include the basic mutant TBP libraries (approximately 106 region between the direct repeats, residues independent clones each) that cover resi-217 to 240, which include the correspond- matrices combined by suspension in acetonitrile. The same quantity of silica matrix was again packed into the 0.2-gmol column, with the remainder placed in the four 1 -gmol columns; the procedure was repeated for the next three nucleotides, and iteratively for each codon being mutagenized. For handling of the CPG matrix during each round, anhydrous conditions are not necessary because the beginning of each synthetic cycle involves an anhydrous acetonitrile rinse. In the last stage, the matrices were not split, and a constant region was added to the 5' end of the oligonucleotide. Thus, in the final oligonucleotide the mutagenized region is flanked by constant regions that are necessary for PCR amplification and subsequent cloning. The 3' constant region was 21 to 24 nucleotides in length to ensure efficient hybridization during PCR and to prevent bias against mutated triplets in the 3' portion of the oligonucleotide. Pol 111-specific tTo whom correspondence should be addressed.
1 -------0 1 .1ORE l50,0,lm-------ing region following the second direct repeat, and residues 57 to 71, which include the corresponding region preceding the first repeat (20) . The basic region was chosen for mutagenesis because it has been implicated in protein-protein interactions (21) (22) (23) . Analysis of 25 to 30 unselected clones from each library revealed that the nucleotide usage at mutated codons and the mutation frequency per oligonucleotide and per codon were in accordance with random expectation (24) .
The TBP mutant libraries were introduced into yeast cells, and upon plasmid shuffling (25) , individual proteins were screened for their ability to support cell growth at 230C, 30WC, and 370C (25) . Of 40,000 TBP derivatives tested, approximately 30% did not support cell growth at any temperature, 70% behaved indistinguishably from wild-type TBP, and 1% permitted growth at 230C and 30'C but not at 370C. The plasmids from 262 of these temperature-sensitive yeast strains were rescued and the mutated region was sequenced; 186 mutant proteins contained single substitutions (Fig. 2) .
For each of the 186 mutant proteins, we examined ribosomal RNA (rRNA), mRNA, and transfer RNA (tRNA) transcription upon shifting the strains to the restrictive temperature (Fig. 3) . As expected, most of the mutants showed either a general (Fig. 3, lane 7) or minimal decrease in transcription of all three RNA classes.
However, 65 mutants (representing 46 different substitutions and 19 residues) showed a large decrease in tRNA transcription; five of these are shown (Fig. 3, lanes 1 through  5) . In all 65 cases, rRNA transcription did not appreciably change, whereas the amounts of three mRNAs (HIS3, TRP3, and DED1) were greater than the amounts observed in strains that contained wild-type TBP. Thus, we have identified a class of TBP mutants that are specifically defective in Pol III transcription. A variety of substitutions yielding the same phenotype was observed at most of the 19 positions (Fig.  2) , which suggests that the Pol Ill-specific phenotype results from the loss of the wildtype residue rather than the presence of a detrimental amino acid.
The Pol Ill-specific mutations are likely to define a specific TBP function and not to reflect an inherent temperature sensitivity in Pol III transcription. In particular, we also isolated ten TBP mutants (representing eight different substitutions; one mutant is shown in Fig. 3 (Fig. 2) .
The crystal structure of Arabidopsis thaliana TBP at 2.6 A resolution indicates that the protein consists of two very similar structural domains related by approximate twofold symmetry (27). Although we mutagenized most of the upper surface of the protein, the positions defined by the Pol III-specific mutants are highly clustered (Fig. 4A) . These positions are largely confined to the inside faces of helices H2 and H2', to those residues pointing toward H2 in the connecting region between the two domains extending into strand S1', and to those residues in S1 pointing toward H2'. No Pol Ill-defective mutants were obtained in strand S5.
Sixteen of the 19 positions identified by the Pol Ill-defective mutants define a solvent-exposed and nearly continuous surface that forms a groove across the top of the protein (Fig. 4B) . We 1 hour and subjected to nuclease S1 analysis as described (2) . Equal amounts of RNA (determined by absorbance at 260 nm) were hybridized to completion with a 10-to 100-fold excess of oligonucleotide probes complementary to TRP3, DED1, and HIS3 +1 and +13 transcripts, the junction of the 25S rRNA and nontranscribed spacer region, and the intron of the lie tRNA. Because the half lives of these RNA species are short, the signal at any given time reflects transcription initiation, not accumulated RNA levels (2 (Fig. 3) . The s tested, a partial reversal of the residue at position 237 and three of the rature-sensitive phenotype was ob-four other residues identified by Pol IIupon overproduction of Tds4. Con-defective mutations define a small patch y, the overexpression of Tds4 did that is distinct from, but partially overippress the phenotype in nine mu-laps, the surface defined by the Pol IIItrains that were not specifically de- The affinity of a flexible ligand that adopts a specific conformation when bound to its receptor should be increased with the appropriate use of conformational restraints. By determining the structure of protein-ligand complexes, such restraints can in principle be designed into the bound ligand in a rational way. A tricyclic variant (TCsA) of the immunosuppressant cyclosporin A (CsA), which inhibits the proliferation of T lymphocytes by forming a cyclophilin-CsA-calcineurin complex, was designed with the known three-dimensional structure of a cyclophilin-CsA complex. The conformational restraints in TCsA appear to be responsible for its greater affinityfor cyclophilin and calcineurin relative to CsA.
Realizing the full impact of structural biology on basic research and medicine will require the ability to design high-affinity ligands to biological receptors with the use of structural information (1) . One approach is to constrain the bound conformation of inherently flexible ligands by introducing structure-guided restraints into the ligand. In this way, greater thermodynamic stability of the receptor-ligand complex can be anticipated because the conformational entropy is reduced in the formation of the complex. A particularly challenging problem is posed by the immunosuppressive agents cyclosporin A (CsA), FK506, and rapamycin. These compounds are comprised of two distinct protein-binding surfaces that allow them to bind two proteins simultaneously. By enabling these multimeric complexes to form, the immunosuppressants inhibit specific signaling pathways that control the cell cycle (2 (3, 4) . Although the conformations adopted by these ligands while they are simultaneously bound to their immunophilin receptors and the protein phosphatase calcineurin have not yet been determined, residues that are important for calcineurin binding have been identified (5) (6) (7) . We have used this information to prepare nonnatural immunophilin ligands that mediate immunophilinligand-calcineurin complex formation (8). We now report on the structure-based de- 
